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Once the initially more massive star has lost its hydrogen envelope, a helium
star core will be left. When the helium star no longer has the radiative pressure
to withstand its own gravitation, it will collapse in on itself. Most of the remaining
mass of the star is lost in the subsequent supernova explosion, leaving a neutron star
(or black hole) with a spin and mass largely determined by the amount of material
expelled in the explosion (stages 3, 4 & 5 in Figure 1.4). The kick imparted onto the
neutron star by the (usually asymmetric) supernova explosion severely disrupts the
orbitofthesystem. Themostnotablechangesbeingasubstantiallyincreasedorbital
period, separation and orbital eccentricity. Should the binary system survive the
kick, the properties of the HMXB system are now established and will only change
slightly over the lifetime of the X-ray source (stage 6 in Figure 1.4). Depending
on the initial conditions the, now very massive, companion star will lose material
either via a substantially increased stellar wind, an equatorially enhanced outﬂow
or by direct accretion onto the compact object via the L1 point. The differences
in the properties of the companion and, as such, the way in which the compact
object accretes, produces the sub-classes of HMXB. Each class is described in detail
below. The point at which the primary star loses its hydrogen envelope also affects
the type of supernova that occurs and the resultant compact object. If the envelope
is lost before helium ignition in the core, the ﬁnal mass of the iron core is lower
than if hydrogen burning had continued into the core helium burning phase. Thus,
it is expected that all supernovae occurring from hydrogen-deﬁcient stars result in
a neutron star. This pathway usually occurs if the primary is extremely massive
(≥50M⊙), as these stars will likely evolve into Wolf-Rayet (WR) stars that are
characterised by very high mass-loss rates. Indeed, there is a growing number of
WR/X-ray binaries known, in addition to the more common OB/X-ray binaries,
though it is also worth noting that a majority of these are WR–WR binaries (i.e.
systems that have not yet undergone a primary supernova) that emit X-rays through
colliding winds (e.g. Pollock 1987).
Eventually, the massive companion star will likely expand to encompass most
or all of the orbit of the compact object (stage 7 in Figure 1.4). This is another
example of a common envelope phase. This usually coincides with an increase in
X-ray luminosity from enhanced interaction between the compact object and the
secondary star. This also causes the compact object to spiral-in until it is in a very
tight orbit with the core of the secondary and the hydrogen shell has been exhausted.
A ﬁnal stage of accretion takes place as helium from the core of the secondary
funnels onto the compact object via the L1 point. A second supernova explosion
will take place once the secondary has lost all of its fuel. A compact object binary is1.3 Optical emission from BeXRBs: the Be star 15
classiﬁcation of emission line stars suffers many difﬁculties due to their very na-
ture; the Balmer lines in particular will be rotationally broadened due to the high
rotational velocities of Be stars and hence may obscure any comparisons to closely
neighbouring lines, whilst the ﬁlling-in of lines caused by the disk emission also
makes classiﬁcation harder. Thus, it is beneﬁcial to perform classiﬁcation observa-
tionswhenthediskemissionisminimal. Furtherdifﬁcultiesarisewhenobservingin
theMagellanicClouds. ClassiﬁcationofGalacticBestarsreliesonusingtheratioof
many metal-helium lines (Walborn & Fitzpatrick, 1990). However, this type of clas-
siﬁcation, based on the Morgan-Keenan (MK; Morgan, Keenan & Kellman 1943)
system, is particularly difﬁcult in the low metallicity environment of the Magellanic
Clouds because these metal lines are either very weak or not present at all. Us-
ing high signal-to-noise ratio spectra of SMC supergiants, Lennon (1997) devised a
system for the classiﬁcation of stars in the SMC that overcomes the problems with
low metallicity environments. This system is normalised to the MK system such
that stars in both systems exhibit the same trends in their line strengths. Thus, in
the spectral classiﬁcation presented in Chapters 4 & 6 I have used the classiﬁcation
method as laid out in Lennon (1997) and utilised further in Evans et al. (2004). For
the luminosity classiﬁcation I adopted the classiﬁcation method set out in Walborn
& Fitzpatrick (1990).
Negueruela (1998) were the ﬁrst to show a signiﬁcant difference between the
distribution of spectral types of Be stars in binaries and those in isolation. The three
panels in Figure 1.7 show this comparison for the SMC, LMC and Milky Way,
running top to bottom respectively (Antoniou et al., 2009). As can be seen, the
difference in the Milky Way populations is apparent, though the reasons are unclear.
It has been suggested by Ekstr¨ om et al. (2008) that the observed cutoff in spectral
type for Be stars is due to higher mass loss in early type stars (meaning the critical
velocity limit is never approached) and due to a lower rate of angular momentum
transfer from the core to the surface of later type stars (meaning the photosphere is
not accelerated as much). McBride et al. (2008) suggest that the cutoff for Be stars
in BeXRBs may be due to high angular momentum loss before the supernova that
produces the XRB. On examination of the SMC and LMC distributions, Antoniou
et al. (2009) ﬁnd the BeXRB and isolated Be systems in the SMC to be consistent
with each other and ﬁnd the total SMC sample to be similar to that of the LMC.
These conclusions are based on Kolmogorov–Smirnov (K–S) tests to see if the two
populations are distinct. In the case of the Be star distribution being similar to the
BeXRB distribution in the SMC and LMC, where it is clearly not in the Galaxy,
it is very hard to explain why. There seem to be no obvious reasons why stars66
Chapter 3. Be/X-ray binary SXP6.85 undergoes large Type II outburst in the
Small Magellanic Cloud
HWHM radius by approximately 10% as the model assumes a small contribution
to the Ha ﬂux from the optically thin part of the disk. Thus, the relative growth of
the disk is set by the model despite the uncertainty in the actual radius. I also note
that the 2008 measurement was made after SXP6.85 had been in outburst for more
than 16 weeks, and as such the disk may have been signiﬁcantly larger at the start
of the outburst than the value estimated here. If I consider the IR magnitudes taken
in December 2007 and December 2008, this yields a fractional increase in bright-
ness of 1.33; a factor of three higher than the prediction made using the equivalent
widths. The OGLE light curve shows variations on the order of 0.7 magnitudes
over the entire epoch of coverage, corresponding to a factor of 1.9 in brightness
(here I assume that the change in ﬂux is proportional to the change in surface area
of the disk, which is reasonable for an optically thick disk). If I assume that the
recent X-ray activity occured during an optical maximum and that the disk HWHM
at this time was ∼3R∗, this implies the minimum, or quiescent, level of the disk is
at ∼1.5R∗. Clearly these are rough estimates based on some simplistic approxima-
tions which would beneﬁt from more detailed modelling, but how do they compare
to the theoretical and measured values discussed in this thesis? As mentioned in
Chapter 1, Carcioﬁ (2010) present models of isolated Be stars that suggest the Ha
ﬂux falls to about half of its maximum value at around 10R∗. Whilst the introduc-
tion of a neutron star will reduce this value somewhat, these two estimates are not
quite consistent with each other. In Chapter 5 I present data that allow an estimate
of the semi-major axis of the orbit of SXP6.85 to be made. The result of this work
suggests the optical counterpart sits around 9R∗ from the neutron star at its closest
point in the orbit. This implies the disk must be at least this size because of the
persistent interaction of the neutron star with the circumstellar material, and is con-
sistentwiththepredictionsofCarcioﬁ(2010). Unfortunately, thistooisinconsistent
with the size estimates made above using the Ha ﬂux. In Chapter 4 I will repeat
this calculation for another SMC pulsar, SXP11.5, for which a semi-major axis is
also derived. Should the same result be observed, it would suggest that the models
of Grundstrom et al. (2007b) are systematically underestimating the disk size of Be
stars, at least in the SMC BeXRB population. The relationship between the orbit
and disk sizes in BeXRB systems is important to understand as it can explain why
we observe the activity we do and could even be used as a predictive tool for future
outbursts. These ideas are discussed further throughout this work.4.7 Conclusions 95
an estimate of the disk density and size using a viscous decretion disk model with
some default parameters. A distance estimate to the source was also made based
on the ‘diskless’ assumption, though Ha spectroscopy is necessary to conﬁrm this
prediction should the I-band ﬂux ever return to this level.
SXP11.5 has proved to be a very interesting addition to the SMC binary popula-
tion; on one hand, it seems to be a very normal system showing orbital parameters
and a spectral type that match very well with previously studied systems. However,
it also shows peculiarities, such as showing a small Ha equivalent width relative
to other systems with similar orbital periods. Should this system go into another
X-ray outburst in the future, further simultaneous optical and X-ray measurements
are essential to uncovering where this system lies in the overall population of SMC
BeXRB systems.5.3 Discussion 109
not be detected, whilst very high inclinations would mean the X-ray source gets
eclipsed by the primary star. More speciﬁcally, one can compare the inclinations
to Ha proﬁles of the Be star to investigate the (mis-)alignment of the orbital plane
and the circumstellar disk. I ﬁnd that SXP6.85 and SXP74.7 have quite narrow,
single peaked Ha emission (see Chapter 3), despite having the highest estimated
inclinations. Conversely, SXP18.3 has a lower inclination but shows prominent
doublepeakedHa emissioninitsopticalspectrum. However, I notethatthemassof
SXP18.3 has been estimated photometrically, not spectroscopically. Although this
may provide some qualitative evidence of orbit-disk misalignment in these systems,
more quantitative evidence may only be obtained from detailed polarimetric studies
of the disk itself.
The estimated semimajor axes in Table 5.6 are quite similar and range from 9 to
16 stellar radii, but are these values what one might expect? The use of complex
models that describe the dynamics and thermal structure of the circumstellar disk
around the primary star helps explain what is observed here. Okazaki (2007) shows
that the density of the disk is several orders of magnitude lower beyond 10R⋆ than
it is closer to the star, whilst Carcioﬁ (2010) shows most of the optical and NIR
ﬂux and polarisation is emitted from within 10R⋆ and nearly all FIR and Ha ﬂux
is produced inside 20R⋆ (see Chapter 1). Thus, these models are predicting that
a very large fraction of the matter in the disk is within approximately 10R⋆. This
prediction goes some way to explaining the nature of the X-ray outbursts that are
seen in the SMC binary systems. SXP74.7 and SXP11.5 have the largest predicted
orbitalsize(relativetotheradiusofthecounterpart)and areobservationallytheleast
activeofthesample, rarelyundergoingaTypeIoutburstand onlyoncebeingseenin
a Type II outburst. SXP6.85, SXP8.80 and SXP18.3 have smaller predicted orbital
sizes and are much more active, often being detected in Type I or Type II outbursts,
oroutburstsin-betweentheseclassicaltypesasdiscussed inChapter2. Thisislikely
due to the neutron star passing closer to, or further into, the circumstellar material
than those in larger orbits. The exception to this seems to be SXP2.37 which has the
smallest predicted orbital size, but is very rarely detected in X-ray outburst. This
can be explained when considering the low eccentricity of the orbit. Okazaki &
Negueruela (2001) predict that for low eccentricity HMXBs, the circumstellar disk
will get truncated at the 3:1 resonance radius, in contrast to intermediate and high
eccentricity systems in which truncation is much less efﬁcient and occurs at larger
distances near the Roche lobe radius of the star. Thus, the disk in SXP2.37 could
be truncated at a much smaller radius than those of the other systems in the sample,
explaining the small number of X-ray outbursts seen.1
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group of OB transients, resulting in a coefﬁcient of 0.79 and p-value of 2.6×10−8
(signiﬁcant at the 6s level). The more signiﬁcant correlation resulting from the
removal of this small group of systems may reinforce the idea put forward by Pfahl
et al. (2002) that these are a separate population of Be systems that receive a smaller
supernova kick compared to ‘classical’ Be systems. It may also suggest that orbital
period and eccentricity in HMXBs are somehow intrinsically related. However, ﬁt-
ting any function to the current data is difﬁcult given the spread of values and the
unknown contribution to the trend from factors such as mass, orbital size and tidal
circularisation timescales. Whilst the correlation seems signiﬁcant, there is an ob-
vious alternative to this scenario. Separate correlation tests on the SG systems and
Be systems yield lower correlation coefﬁcients of 0.54 (p-value of 0.03) and 0.49
(p-value of 0.04) respectively. This means much of the overall correlation could
be a result of the two groups occupying different parameter space. With the low
eccentricity transients included in the Be group, this correlation coefﬁcient drops to
0.08 (p-value 0.69). Again this favours the interpretation that we are seeing 3 dif-
ferent populations with different evolutionary histories, rather than one continuous
population.
Conversely, we can think of the weak correlations shown in both groups as evi-
dence for a relationship between the parameters, which is only enhanced when the
two groups are combined. This could be telling us something signiﬁcant about the
pre-supernova phase of the binary evolutionary path. Delgado-Mart´ ı et al. (2001)
simulate binary periods and eccentricities resulting from SN kicks imparted onto
the neutron star with varying initial orbital separations. Somewhat intuitively, the
results show that as the initial separation is increased, a higher fraction of systems
are found to have larger orbital periods and larger eccentricities. If we consider
each binary system to have the same evolutionary path, the correlation in Figure
5.6 may be telling us that SG systems generally have tighter pre-supernova orbits
than Be systems. As for the question of whether there is a difference between SMC
and galactic systems in this parameter space, any potential correlation in these data
can only be conﬁrmed by including more binary systems in the comparison, par-
ticularly more long orbital period Galactic systems and both long and short orbital
period SMC systems. However, this will be difﬁcult given the nature of the analysis
method. Finally, I note the location of SXP2.37, immediately left of the shaded
region in Figure 5.6. I postulate that this source is the latest member of this growing
class of low eccentricity OB transient HMXB and the ﬁrst member from outside the
Galaxy.148 Chapter 7. Conclusions & Future work
population, largely due to uncertainties in distance and absorption to many systems,
the Galactic population is of similar size and has already allowed similarities and
differences to be discovered through statistical analyses of the populations. Many
of these have been discussed throughout the preceding chapters and will be sum-
marised in this section, along with the general conclusions that can be drawn from
this work. The reader is also referred to the more detailed conclusion sections at the
end of each chapter for more information.
The main aims of this thesis were to further our understanding of the outburst
properties and orbital dynamics of BeXRBs in the SMC and to improve the statis-
tical properties of the SMC population by ﬁnding and following up new systems.
The calculation of the orbital parameters of some of the systems in the SMC forms
probably the most signiﬁcant result in this work and is discussed later.
It will forever be important to ﬁnd and understand new BeXRB systems as some
of the most fundamental knowledge of these systems comes from their global prop-
erties. The more properties that are known, the better the statistical analysis will
be. In Chapter 2 I touch on the new systems found during the RXTE monitoring
programme and describe the two most recent attempts to localise and follow-up new
systems in detail in Chapter 6. The details presented in these two chapters signify
a signiﬁcant increase in the number of spin periods, orbital periods, spectral types,
emission line strengths, positions, spectral hardnesses, local absorptions and out-
bursts known in the SMC thanks to this monitoring programme and the follow-up
of many optical and X-ray telescopes. In total, RXTE has identiﬁed 18 new pul-
sars in the SMC and 1 in the Magellanic Bridge as part of this programme. When
added to the other known systems in the SMC, the population is of a good size
to investigate their global properties. The spectral classiﬁcations have been used
by McBride et al. (2008) and subsequently by Antoniou et al. (2009) to show that
the low metallicity in the SMC does not result in a different distribution to that of
Galactic counterparts (see Chapter 1). The positions have been used by Antoniou
et al. (2010) to show that regions of higher SFR in the SMC coincide with regions
containing HMXBs (see Chapter 2). The ever-increasing number of spin and orbital
periods known have been used to make a more complete Corbet diagram, though
this extra information has started to blur the distinction between Be systems and
supergiant systems, rather than result in an empirical relationship between the two
parameters. These two parameters have also very recently shown evidence for a
bimodal distribution, which may be evidence for two distinct formation channels
in BeXRBs (Knigge, Coe & Podsiadlowski, 2011). This is discussed further in the
next section. It is clear that new systems presented in earlier chapters, and those7.1 Impact of this work 149
presented in Galache et al. (2008), are small but important stepping stones in under-
standing BeXRBs as an entire population and have already helped ﬁnd similarities
between the SMC and Galactic populations and shed light on the fundamental for-
mation processes.
Chapters 2, 3 & 4 present many of the different types of X-ray outburst observed
in BeXRBs and try to emphasise that these are closely linked to the activity of the
optical counterpart and to the orbital motion of the neutron star. As such, I suggest
that each outburst needs to be described differently and not cast into groups of sim-
ply Type I or Type II. The 5 light curves in Chapter 2 really demonstrate the range
of outbursts possible: Long, bright outbursts can be followed by fainter, orbitally
induced outbursts; systems can be active over many years; they can have a brief,
bright outburst and then switch off again; or they can be inactive for many years
then in outburst for many years; periastron outbursts can be seen superimposed
over continual non-orbital outbursts; neutron stars can spin up, down or stay almost
constant during outburst, or shift sharply from one state to another. Future plans to
provide a more quantitative view of these ideas is something that is discussed in the
next section. In Chapter3it is shown that theX-ray outbursts in SXP6.85are related
to the disk-loss timescale of the counterpart and not the orbital period. Optical and
IR light curves and emission line strengths are used to show the disk increases in
size before every X-ray outburst and an estimate is made of the disk size at the time
of outburst. However, this value may be underestimated by a factor of ∼3 when
the calculations made in Chapter 5 regarding the size of the orbital semi-major axis
of the system are considered. The result is very similar for SXP11.5, with the size
predicted from the emission line proﬁles and from a viscous disk model a factor
3–4 smaller than that estimated from the size of the semi-major axis. The radius
calculated in the former is considered to be approximately the boundary radius of
the disk, after which it becomes optically thin and so contributes negligibly to the
line ﬂux. If this value really represents the size of the disk, it is hard to understand
how the extended X-ray outbursts occur when the closest approach of the neutron
star is 3 or 4 times further away. On the other hand, these values do agree with
recent interferometric measurements of the disk sizes of many Be stars, as stated
in Grundstrom & Gies (2006), so it may be that the neutron only interacts with the
optically thin part of the disk out at many stellar radii. Of course, the calculation
of the semi-major axes in Chapter 5 relies heavily on assumed stellar masses and
radii and so it is entirely possible that the inconsistency in these two measurements
arises from uncertainties in the stellar parameters. Uncertainties may also exist in
the input parameters to the models of Grundstrom et al. (2007a), in particular the7.2 Future work 155
huge, extended outbursts in the past 14 years have a spin period under 100s, even
though the number of systems with spin period above and below 100s is almost
split evenly. Though not all the orbital periods are known in this sample, it should
map directly to onto orbital period space using the Corbet diagram. If correct, this
may be analogous to the ﬁndings of Okazaki & Negueruela (2001) in which higher
eccentricity systems tend to only show smaller, periastron outbursts, whereas low
eccentricity systems show more luminous, extended outbursts. Though Knigge,
Coe & Podsiadlowski (2011) found no statistical correlation between orbital period
and eccentricity, the outburst behaviour of the BeXRBs seem to suggest there may
be a qualitative relationship between the parameters which should be looked into
further.
A third project that I will work on in the near future is a population study of the
Magellanic Bridge. As touched on earlier, work done by McBride et al. (2010) has
started to uncover a new HMXB population in the Bridge that likely formed sepa-
ratelyfromtheSMCandLMCpopulations. Knowledgeofthisemergingpopulation
is important for our understanding of how the environment (e.g. local metallicity,
gas content) affects star formation and evolution in turbulent intergalactic environ-
ments. However, to date there have only been shallow observations of the region
with RXTE and INTEGRAL, probing only the outbursting systems. As such, my
colleagues and I have proposed the ﬁrst deep survey of its Western-most region
with XMM. Two 35ks observations were carried out at the start of January 2012,
that are deep enough to probe the quiescent population of X-ray binaries. These
observations are important as they have the potential to form a population of sys-
tems different from that of the Milky Way and SMC, which may be the ﬁrst step
in expanding the extra-Galactic comparisons outlined throughout this thesis for yet
another population of XRBs. The two regions observed have been well studied op-
tically, which will allow rapid characterisation of sources detected and make further
optical follow-up easier. The proposal has also been resubmitted for the upcom-
ing XMM observing round and has been given priority C time. If carried out, a
variability study would be possible, further helping in the source characterisation.
Finally, I have several active and future projects in mind studying the optical
counterparts of the SMC systems, that have not yet been discussed in this work. My
collaborators and I are working on the analysis of near-IR spectra of 12 sources,
with the aim of better understanding the structure of the disks beyond the Ha re-
gion. These are the ﬁrst such observations made in the SMC. The data have been
reduced, but have not yet been properly calibrated to allow satisfactory analysis of
the Brg line or any other lines that may be present. There also exists simultaneous156 Chapter 7. Conclusions & Future work
Ha spectra of these sources to allow the prominent optical and near-IR emission
lines to be compared. On top of this, I wish to more fully exploit the wealth of
data my group and I have obtained from the IRSF telescope at SAAO. Whilst these
data have been useful in conjuncture with the OGLE light curves in understanding
certain systems, the amount of data accrued warrents a full statistical study of the
ﬂux and colour changes in around 50 systems over the past 6 years. This has been
done for some systems in the past, but never with this much data or this number
of systems. I would also like to continue trying to understand the ﬂux contribution
of the disk across the optical and IR regime as was tried for SXP11.5 in Chapter
4. Although this relies on there being some near-simultaneous optical photometry,
the disk in several systems should be able to be probed in this way. A ﬁnal project
that I think would be very interesting is a disk polarisation study. Using the IRSF
in polarimetry mode, I have data that will allow the Stokes parameters to be calcu-
lated for several systems in the SMC. Whilst these data have yet to be exploited, it
could potentially give an idea of the disk size and orientation to the observer, as the
amount of polarised ﬂux that is observed likely depends most heavily on these two
parameters. Many of the results from such studies of the counterpart are likely to
link in with work done and work that will be done in the X-ray regime, allowing a
more complete understanding of the BeXRB population.BIBLIOGRAPHY
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